Acrylamide is a probable human carcinogen, and its presence in a range of fried and oven-cooked foods has raised considerable health concern world-wide. Dietary intake studies observed significant variations in acrylamide concentrations, which complicate risk assessment and the establishment of effective control measures. The objective of this study was to obtain an insight into the actual variation in acrylamide concentrations in French fries prepared under typical conditions in a food service establishment (FSE). Besides acrylamide, frying time, frying temperature, and reducing sugars were measured and the actual practices at receiving, thawing and frying during French fries preparation were observed and recorded. The variation in the actual frying temperature contributed most to the variation in acrylamide concentrations, followed by the variation in actual frying time; no obvious effect of reducing sugars was found. The lack of standardised control of frying temperature and frying time (due to inadequate frying equipment) and the variable practices of food handlers seem to contribute most to the large variation and high acrylamide concentrations in French fries prepared in a restaurant type of FSE as compared to chain fast-food services, and institutional caterers. The obtained insights in this study can be used to develop dedicated control measures in FSE, which may contribute to a sustainable reduction in the acrylamide intake.
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Introduction
Acrylamide is a probable human carcinogen (IARC, 1994) and its presence in a range of fried and oven-cooked foods (Tareke, Rydberg, Karlsson, Eriksson, & Tornqvist, 2000; Tareke, Rydberg, Karlsson, Eriksson, & Tornqvist, 2002) has raised considerable health concern world-wide (FAO/WHO, 2002 . The highest concentrations have been identified in potato based products such as French fries (Claeys et al., 2010; DiNovi, 2006; Friedman, 2003) . In addition, significant variations in acrylamide concentrations were observed in many dietary intake studies (Dybing & Sanner, 2003; Konings et al., 2003; Matthys et al., 2005; Svensson et al., 2003) , which complicate risk assessment. Judging the actual risk of acrylamide and developing appropriate control measures, therefore, requires an insight into the distribution profiles of acrylamide concentrations (FAO/WHO, 2007) .
French fries are considered as a predominant source of acrylamide because they are extensively consumed (Fiselier & Grob, 2005) . French fries are widely prepared in food service establishments (FSE) and their preparation is apparently a crucial factor because acrylamide is formed towards the end of the frying process (Amrein, Andres, Escher, & Amado, 2007; Fiselier, Bazzocco, GamaBaumgartner, & Grob, 2006) . A qualitative study on FSE revealed that besides the variation in the initial concentration of reducing sugars, the variable frying conditions (time-temperature) seem a major factor influencing the variation in acrylamide concentration. It was proposed that food handler's inadequate control on these influencing factors in their daily practise in FSE could lead to the large variation and high acrylamide concentration in French fries (Sanny, Luning, Marcelis, Jinap, & van Boekel, 2010) . Al-Kahtani (1991) showed that frying practices among various types of FSE differed considerably in terms of frying conditions (temperaturetime regime), frying equipment selection (design, capacity, heating system and material of fabrication), and quality control during frying. Many studies that were done under controlled laboratory conditions established the relationship between various food properties (e.g. concentration of reducing sugars and amino acids) and processing conditions (e.g. frying temperature-time regimes and pH adjustment with organic acids) on acrylamide formation (Jung, Choi, & Ju, 2003; Knol et al., 2005; Mottram, Wedzicha, & Dodson, 2002; Stadler et al., 2002) . However, there is a restricted insight into the contribution of actual frying practices in FSE (e.g. using different raw materials, applying different frying temperature-time 0308-8146/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.foodchem.2011.10.044 regimes and using different frying equipment) to the variation in acrylamide concentration in French fries for consumption.
The objective of this study was to obtain an insight into the actual variation in acrylamide concentrations in French fries prepared under typical FSE-conditions. Three types of FSE, i.e. chain fast-food services (CFS), institutional caterers (IC), and restaurants (R) were selected in this observational study to reflect the common types of FSE in Malaysia. The actual practices at receiving, thawing and frying during the preparation of French fries were observed to get an insight into the typical frying practices in these FSE types. The set and the actual frying temperature and frying time were recorded and acrylamide and reducing sugars concentrations were analysed. We hypothesised that the mean concentration as well as the extent of variation in acrylamide concentrations in French fries prepared by the three FSE types would differ.
Materials and methods

Characteristics of food service establishments (FSE)
The study was focused on FSE that located within a 25 km radius of Serdang, Selangor, Malaysia. This city was selected to represent a typical urban area. Three different establishments with more than five workers were selected from each FSE type. The establishments consisted of local or international chain fast-food services for CFS type, caterers in a college or in a university for IC type, and family style restaurants for R type.
Sampling and data collection 2.2.1. French fries samples
The study was focused on straight-cut French fries samples that were 8 Â 8 mm in cross section and 60-70 mm long. Frozen parfried potato strips were used as raw materials. For each establishment, samples were collected over three days of production. Each day, samples were taken from five different frying batches. In each frying batch, a total of four servings of the French fries was collected. Of these servings, three were used to determine acrylamide concentration, whereas the last serving was served to a customer. The determination of acrylamide concentration was done in triplicate, one measurement of acrylamide concentration for each serving. Regardless of the serving size of the collected French fries, each serving weighed approximately 67 g, the recommended serving size (Shahar et al., 2002) . Each serving was coded and stored in polyethylene bags at À18°C prior to analysis.
Frozen par-fried potato strips
Frozen par-fried potato strips samples were also collected over three days of French fries production. Samples were collected before they were used in frying. Each day, samples were taken from five different frying batches. In each frying batch, a total of three servings of the frozen par-fried potato strips were collected. These servings were used to determine reducing sugars concentration in triplicate, one measurement of reducing sugars for each serving. Each serving weighed approximately 67 g. Each serving was coded and stored in polyethylene bags at À18°C prior to analysis.
Measurements and observations
The food handler was asked to fry four servings of French fries as he normally did. During frying, the following frying practices were measured: frying temperature and time, serving size and volume of oil. In addition, the receiving supplied materials, brand of frozen par-fried potato strips, type of fryer, mode of heating, oil type, thawing practise and presence of procedures and guidelines were also observed.
The CFS and the IC used a commercial fryer whereas the R used a frying pan to fry French fries. The actual frying temperature once the fryer reached the set temperature (thermostat light off) was monitored and measured by a digital thermometer 51 series II coupled with a temperature probe (Fluke Corporation, Everett, USA). The temperature probe was placed into the oil bath at the same location between different measurements and away from the fryer's/frying pan's wall. The set frying temperature, as indicated by the thermostat setting, was also recorded. For a frying pan, the actual frying temperature was monitored and measured by the same device just before par-fried potato strips were inserted into the oil.
The actual frying time once the fryer reached the set frying time (timer goes off) was monitored and measured using a built-in timer. The set frying time as indicated by a built-in timer was also recorded. For a frying pan, the actual frying time was recorded using a stopwatch SW01 (ALBA, Japan) just after the removal of French fries from the oil. A bromination reagent was prepared from potassium bromide (152 g), hydrobromic acid (8 ml), and bromine-saturated water (saturated at 4°C, 50 ml) and 600 ml distilled water. This reagent was stored at 4°C. Stock solutions of acrylamide (0.2 mg/ml) and 13 C 3 -labelled acrylamide (4 lg/ml) were prepared by dissolving the compound in distilled water. Working standards were prepared by diluting the stock solution of acrylamide to concentrations of 1, 5, and 10 lg/ml with water. All stock solution and working standards were stored in a refrigerator at 4°C for a maximum of 3 months.
Analysis of fructose, glucose, and sucrose
The procedure was adapted from Vivanti and co-authors (2006). The sample was grounded in a blender (Braun multiquik ZK3, Frankfurt, Germany). A sub-sample (2 g) was weighed in a 50 ml centrifuge tube and 10 ml of acetonitrile/water (80:20 v/v) were added. The suspension was then centrifuged at 1643 RCF (g) for 10 min and the supernatant was passed through a 0.45 lm nylon syringe filter (Sartorius AG, Goettingen, Germany). Aliquots (50 ll) of the filtrate were injected into a Waters high-performance liquid chromatography (HPLC) instrument equipped with a refractive index (R.I.) detector and an lBondapack NH 2 , 3.9 Â 300 mm column (Waters Corp, Milford, Massachusetts, USA). An isocratic mode of elution was used with the mobile phase consisting of acetonitrile/water (80:20, v/v) at a flow rate of 0.8 ml/min. Maltose was used as an internal standard. Calibration curves were linear (r 2 > 0.999). The detection limit for fructose, glucose and sucrose was 5 mg/kg. The recoveries for fructose ranged between 91.3-100.3%, for glucose ranged between 92.9-96.7% and for sucrose ranged between 98.8-106.6%. The intra-day and inter-day precisions, expressed as the relative standard deviation, were 4.6% and 6.7% (fructose), 11.7% and 13.2% (glucose) and 12.2% and 13.5% (sucrose), respectively.
2.3.3. Analysis of acrylamide 2.3.3.1. Extraction. The scheme described by Becalski and coauthors (2005) was followed. The sample was grounded in a blender. A sub-sample (2 g) was weighed in a 50 ml centrifuge tube and 10 ml of water containing 1000 ng 13 C 3 -labelled acrylamide as the internal standard (final concentration = 100 ng/ml) were added. The mixture was shaken at medium speed level (ca. 256 pulses/ minute) on a vertical shaker (RS-1, Jeio Tech Co., Gyeonggi-do, Korea) for 30 min and centrifuged in a refrigerated centrifuge (3-18 K, Sigma, Gillingham Dorset, United Kingdom) at 10956 RCF (g) for 30 min. Oasis HLB were conditioned with 3 ml of methanol and equilibrated with 3 ml of water. The filtrate from the centrifuge (5 ml) was promptly transferred through an Oasis HLB cartridge connected in tandem to an Oasis MCX cartridge, and the elute was collected.
Standards contained acrylamide at concentrations of 10, 25, 50, 100, 250, 500, 1000 ng/ml and isotopically labelled acrylamide at 100 ng/ml. Elutes or standards (5 ml) was treated with bromination reagent (15 ml) overnight at 4°C. Excess bromide was decomposed by adding 0.7 M sodium thiosulphate solution drop wise until the yellow colour disappeared. Calcined sodium sulphate anhydrous (4 g) was added and the mixture was stirred using a magnetic stirrer for 5 min. The mixture was transferred to a 125 ml separatory funnel and was extracted twice with 15 ml of ethyl acetate/hexane (4:1, v/v) by shaking using a vertical shaker for 1 min. After phase separation, the lower aqueous layer was discarded. The organic phase was transferred into a 50 ml centrifuge tube containing calcined sodium sulphate anhydrous (approximately 4 g) and centrifuged at 10956 RCF (g) for 10 min. The liquid phase was decanted through glass wool, into a 50 ml round-bottom flask. Pooled fraction was evaporated to dryness under vacuum at 40°C using a rotary evaporator (Rotavapor R-210, Buchi Labrortechnik AG, Flawil, Switzerland). The residue was re-dissolved in 450 ll of ethyl acetate, and 50 ll of triethylamine was added to convert 2,3-dibromopropionamide to 2-bromopropenamide. The resulting solution was transferred into an insert in an amber vial and stored in a freezer at À18°C until analysis by Gas Chromatograph-Time-of-Flight-Mass Spectrometry (GC-TOF-MS).
GC-TOF-MS analysis.
Brominated sample extracts and calibration standards were analysed on an Agilent Technologies 6890N gas chromatograph (GC) (Agilent Technologies, Palo Alto, CA, USA) coupled to a LECO Pengasus III Time-of-Flight (TOF) Mass Spectrometry detector (MSD) with positive electron impact (EI) ionisation (LECO Corporation, Lakeview Avenue, St. Joseph, MI, USA). The GC column was a HP-Innowax capillary column (30 m Â 0.25 mm i.d., 0.25 m film thickness; Agilent Technologies, Palo Alto, CA, USA) and the carrier gas was helium at 1.6 ml/min. Following injection, the column was held at 65°C for 1 min, then programmed at 15°C/min to 170°C, 5°C/min to 200°C, followed by 40°C/min to 250°C, and held for 15 min at 250°C. Injections by an Agilent Technologies 7683 auto-sampler (2 ll) were made in split less mode (split fow 60 ml/min) with a purge activation time of 1.0 min and an injection temperature of 250°C. The GC-TOF-MS interface transfer line was held at 260°C. Ions monitored were m/z 70, 149, and 151 for 2-bromopropenamide, and m/z 110 and 154 for 2-bromo( 13 C 3 )propenamide.
2.3.3.3. Quantification. Acrylamide in French fries samples was quantified using the ion at m/z 149 for 2-bromopropenamide, and the ion at m/z 154 for 2-bromo( 13 C 3 )propenamide. Other ions at m/z 70, 110, and 151 were considered only for confirmation purposes. A calibration graph was constructed by plotting peak area ratios (149/154) against the corresponding ratios of analyte amounts. Acrylamide concentrations in sample extracts were calculated from the calibration slope and intercept value. Calibration curves were linear (r 2 > 0.999). The limit of detection was 10 lg/kg and the recoveries were in the range between 102-110%. The intraday and inter-day precisions (expressed as the RSD) were 6.4% and 3.1%, respectively.
Statistical analysis
To construct histograms, the original data of acrylamide concentration in each serving of French fries samples were log e transformed. Log e transformation was done to improve the approximation of normal distributions of the data while retaining information about the degree of variation in the distribution (Dallal, 2009; Garner, 2010; Hopkins, 2003) .
An analysis of variance (ANOVA) was used to explore the mean differences in the log e transformed acrylamide concentration among the three FSE types while also investigating the variation due to different establishments, sampling days and frying batches. A mixed model was used with FSE type as fixed factor and establishment, sampling day and frying batch as random factors. The mixed model was selected because FSE type was used as a control factor in the present study, whereas the establishments, sampling days and frying batches were not fixed in advance and are therefore considered as random. All factors are nested within the prementioned sampling level. The significance of the differences among the three FSE types was determined using Tukey's HSD test. The obtained means of log e transformed acrylamide concentration were back-transformed to an original scale of measurement at which they then are the geometric means (Bland & Altman, 1996; Petrie & Sabin, 2009 ). The coefficient of variation (coded as CV) was calculated using the formula of 100(e SD À 1), where SD is the standard deviation of the log e transformed acrylamide concentration (Dallal, 2009; Hopkins, 2003) . The CV is used to compare the degree of variation for each FSE type to another. To analyse the reducing sugars concentrations, the same mixed ANO-VA model with nested factors was used. The CV was calculated as the standard deviation divided by the mean and is reported as a percentage. Bivariate correlations were used to investigate the strength and direction of the relationship of acrylamide formation to a set of influencing factors (frying temperature, frying time, reducing sugars, sucrose and thawing). Results were expressed as Pearson correlations.
Multiple linear regression analysis was used to investigate the predictive ability of a set of influencing factors (frying temperature, frying time, reducing sugars, sucrose and thawing) as well as to assess the relative contribution of each influencing factor on acrylamide formation. These influencing factors, considered as possible predictors for acrylamide formation, were put into the model. Multiple regression analysis was checked for possible violations from the model assumptions during analysis.
In tests, a p-value of 0.05 or less was considered significant. Statistical analyses were performed using the SPSS version 16.0 (SPSS Inc., Chicago, IL).
Results
Initial data analysis indicated that the frequency distribution of acrylamide concentration was slightly skewed to the right (data not shown). This is due to a small number of samples with very high acrylamide concentrations in the data set. Therefore, a log e transformation was performed to approach more the normal distribution of data set. Fig. 1 shows that the mean of log e transformed acrylamide concentration of French fries differed among the three FSE types; the mean was lowest in the chain fast-food services (CFS) (5.44), followed by the institutional caterers (IC) (5.54), and was highest in the restaurants (R) (5.87). The figure also reveals that the standard deviation of the (mean log e transformed) acrylamide concentration was lower in the CFS (0.19) than in the IC (0.27), and in the R (0.44).
Observations and recorded data of various practices in the FSE are shown in Table 1 . It reveals that at receipt, all FSE have no insight into the initial concentrations of reducing sugars of frozen par-fried potato strips. Moreover, none of the FSE purchased specific potato varieties and/or selected specific suppliers to obtain par-fried potato strips with low concentrations of reducing sugars. In fact, the selection of frozen par-fried potato strips was mainly determined by price as well as by simple evaluation on the taste and colour of French fries. They also had no instructions (or procedures) in place for purchasing and inspection of the incoming raw materials. The CFS type purchased frozen par-fried potato strips from preferred suppliers, whereas the IC and the R types purchased frozen par-fried potato strips from different sources in the market such as wholesale traders, hypermarkets, and local supermarkets. Table 1 reveals that at thawing, the CFS type systematically thawed the frozen par-fried potato strips before frying, which was not the case in the IC and the R types. With respect to the frying practices, Table 1 shows that none of the FSE had a documented frying procedure, but the requirements on setting of frying temperature and time in the CFS and the IC types were orally communicated. The CFS and the IC types used fryers that were equipped with a temperature controller, a timer, and a basket whereas the R type used frying pans. Moreover, the baskets of fryers in the CFS were automatically lifted from the oil once the fryer reached the set frying time.
Besides the above observations, both the set and the actual frying temperature and frying time were recorded (data not shown). For the CFS type, the setting of the frying temperature was identical (177°C). The actual frying temperature ranged between 170-177°C and the coefficient of variation (coded as CV) in actual frying temperature was 1.1%. In the IC type, the setting of frying temperature ranged from 168 to 200°C. The actual frying temperature ranged from 160 to 186°C, and the CV was 3.0%. In the R type, the setting of frying temperature was not possible due to the fact that they use frying pans. The actual frying temperature ranged from 148 to 215°C, which was reflected in the highest CV (8.9%).
In the CFS type, the setting of frying time ranged from 150 to 165 s and it corresponded with the actual frying time (150-165 s). In the IC type, the setting of frying time ranged from 180 to 300 s. However, the actual frying time ranged from 180 to 390 s, resulting in a CV of 26.5%. In the R type, the setting of frying time was also not possible due to their simple frying equipment. The actual frying time ranged from 199 to 694 s, which was reflected in the highest CV (39.2%). Table 2 shows that the mean concentration of acrylamide in French fries among the three FSE types was not significantly different. The mean concentration of acrylamide was 231 lg/kg for the CFS, 254 lg/kg for the IC, and 354 lg/kg for the R. The CV in acrylamide concentration was lower in the CFS (21%) than in the IC (31%), and in the R (55%). The concentration of acrylamide in French fries ranged from 150 to 392 lg/kg (a 2.6-fold difference) for the CFS, 151 to 505 lg/kg (a 3.3-fold difference) for the IC, and 152 to 1023 lg/kg (a 6.7-fold difference) for the R.
Table 2 also shows that the mean concentration of reducing sugars in the frozen par-fried potato strips among the three FSE b PS1 = frozen par-fried potato stripes type 1 (no brand, expiry date printed on the package). c PS2 = frozen par-fried potato stripes type 2 (no brand, green colour printing on package with expiry date). d ND = no data. e EF1 = Electric fryer, floor model FM II (Frymaster L.L.C, Shreveport, LA, USA). This fryer has a temperature range of 60-195°C and heating power capability of no more than ±2°C. f EF2 = Electric fryer, countertop model DFT 2000 (MSM Equipment Manufacturer Sdn. Bhd., Cheras, Malaysia). g GF1 = Gas fryer, floor model BIH 152-2 CSD (Frymaster L.L.C, Shreveport, L.A., USA). h EF3 = Electric fryer, floor model HEF 77 (Hobart, London, United Kingdom). i GF2 = conventional gas-fried steel pan. j NA = not applicable. k This fryer has a bowl of 20L oil capacity, equipped with two static baskets (of which only one was used in the study) and a regulating thermostat. The mean of log e transformed acrylamide concentration in each establishment was back transformed to an original scale using an anti-logarithmic and expressed as geometric mean. e Mean value based on N = 45. f Standard Deviation (SD) of the log e transformed acrylamide concentration. g The exact coefficient of variation (CV) was calculated using a formula of 100(e SD À 1), where SD is the standard deviation of the log e transformed acrylamide concentration. It compares the degree of variation from each FSE type to another. h The median of log e transformed acrylamide concentration in each establishment was back transformed to an original scale using an anti-logarithmic and expressed as geometric median. i Arithmetic mean (mean of untransformed data). j Arithmetic standard deviation (standard deviation of untransformed data). k ND = no data. l The CV was defined as the standard deviation divided by the mean, which the result is reported as a percentage.
types was not significantly different. The mean concentration of reducing sugars was 0.66 g/kg for the CFS, 1.51 g/kg for the IC, and 1.10 g/kg for the R. The CV in reducing sugars concentration was 45.5% for the CFS, 26.5% for the IC, and 18.2% for the R. The concentration of reducing sugars ranged from 0.25 to 1.24 g/kg (a 5.0-fold difference) for the CFS, from 0.88 to 2.22 g/kg (a 2.5-fold difference) for the IC, and from 0.72 to 1.62 g/kg (a 2.3-fold difference) for the R. Bivariate correlations and multiple linear regression analyses were performed to investigate the strength and direction of the relationship of the influencing factors (frying temperature, frying time, reducing sugars, sucrose and thawing) and their possible contribution to the formation of acrylamide. Table 3 shows a strong correlation between frying temperature and acrylamide concentration (r = 0.596, n = 360, p < 0.05). There was a moderate negative correlation between thawing practise and acrylamide concentration (r = À0.482, n = 360, p < 0.05). The frying time showed a small but significant correlation with the acrylamide concentration (r = 0.104, n = 360, p < 0.05). The reducing sugars showed no significant correlation with the acrylamide concentration (r = 0.102, n = 360, p = 0.053). The multiple linear regression model revealed that all factors (except reducing sugars and sucrose) significantly contributed to the prediction of acrylamide formation (r 2 = 0.483, n = 360, p < 0.05). The order of contributions, from highest to lowest are frying temperature (beta = 0.513), thawing practise (beta = À0.359), and frying time (beta = 0.143).
Discussions
The present study shows that although the mean concentration of acrylamide among the three FSE types was not significantly different, the least variation in acrylamide concentration was found in French fries prepared in the chain fast-food service (CFS), as compared to the institutional caterers (IC), and the restaurants (R). In addition, the highest concentration of acrylamide (1023 lg/kg) was found in the R type of FSE. Our study showed that the actual frying temperature was strongly correlated with the acrylamide concentration (r = 0.596, n = 360, p < 0.05, Table 3 ) and contributed the most to the prediction of acrylamide formation (beta = 0.513, p < 0.05, Table 3 ). The finding confirms the pronounced effect of frying temperature on the formation of acrylamide as reported in studies that were done under carefully controlled laboratory conditions (Amrein, Limacher, Conde-Petit, Amado, & Escher, 2006; Grob et al., 2003; Matthaus, Haase, & Vosmann, 2004) . Further, we demonstrated its pronounced effect under typical FSE-conditions. Comparing the frying practices among the three FSE types revealed that the setting of a low and identical frying temperature (177°C) of digitally controlled fryers (i.e. sophisticated frying equipment) in the CFS type apparently resulted in a small range of actual frying temperature (170-177°C). Correspondingly, the lowest variation in acrylamide concentration (i.e. 150 to 392 lg/ kg, a 2.6-fold difference) was found in the CFS type. In the R type, frying pans were used in which the temperature cannot be regulated. The food handlers in the R type, visually inspected the oil to estimate its temperature, which apparently resulted in a large range of actual frying temperatures (148-215°C). Correspondingly, the largest variation in acrylamide concentrations (i.e.
152-1023 lg/kg, a 6.7-fold difference) was found in the R type.
Food handler's lack of control on frying temperature seems to contribute to the large variation and high acrylamide concentration in French fries prepared in the R type as compared to the other FSE types. Our findings on the frying practices are consistent with other studies that surveyed the actual frying conditions in FSE. Al-Kahtani (1991) earlier reported that CFS in Saudi Arabia also typically set frying temperatures at 177°C. Morley-John and co-authors (2002) reported that the setting of frying temperature in the FSE in New Zealand ranged from 175 to 190°C and the actual frying temperature ranged from 136 to 233°C. Furthermore, Gere (1985) also found that frying temperature in nearly 70% of the FSE kitchens in Budapest was not controlled at all.
In our study also, the frying time showed a significant (but small) correlation with acrylamide concentration (r = 0.104, n = 360, p < 0.05, Table 3 ). Similarly, a significant (but little) contribution of frying time to the prediction of acrylamide formation was observed (beta = 0.141, p < 0.05, Table 3 ). The finding seems in contrast to studies that reported a linear relationship between frying time and acrylamide concentration (Gokmen & Senyuva, 2006; Matthaus et al., 2004) . However, Romani and co-authors (2008) discussed that the increase of time only becomes a key factor in the formation of acrylamide in French fries after ca. 240 s of frying (at 180°C). The actual frying times recorded in the CFS and IC types ranged from 150 to 240 s, which are shorter than the identified critical time as mentioned by Romani et al. (2008) . Different authors reported that after immersion of potato strips, the frying temperature drops and slowly recover to the initial setting (Fiselier et al., 2006; Grob, 2007) . The short frying time seems to limit the formation of acrylamide, because frying ends before the frying temperature recovers to the initial setting, and before the acrylamide concentration starts to increase linearly with time. Conversely, the actual frying times recorded in the R type ranged from 199 to 694 s, which indicate that longer frying times than 240 s were applied. It appears that longer frying times, applied in the R type as compared to the other FSE types, also contributed to the large variation and high acrylamide concentration in French fries. The observed differences in actual frying times among the CFS (150-165 s), the IC (180-390 s), and the R (199-694 s) are possibly due to the differences in frying equipment and frying instructions. In more detail, the difference in frying equipment refers to the lifting of basket that was digitally controlled in the CFS versus simple frying pans in the R, and the difference in frying instructions refers to the oral instructions in the CFS and the CI versus no instructions at all in the R. The finding supports earlier suggestions that the fryer type influenced the concentrations of acrylamide (Gertz, Kloster- & Kochhar, 2003; Romani et al., 2006; Sanny et al., 2010) . Moreover, Haase (2006) observed that food handlers in restaurants tend to have different preferences regarding discoloration which resulted in individual preparation techniques to meet their specific requirements. In our study, no significant correlation between reducing sugars and acrylamide concentration was found (r = 0.102, n = 360, p = 0.053, Table 3 ) and reducing sugars also did not significantly contribute to the prediction of acrylamide formation (beta = À0.083,p = 0.078, Table 3 ). Our data showed that a considerable variation in reducing sugars concentration was not corresponding to the variation in acrylamide concentration. To illustrate, the most variation in reducing sugars concentration in the CFS (0.25-1.24 g/ kg, a 5.0-fold difference) was not reflected in the least variation in acrylamide concentration in French fries for the CFS (150-392 lg/ kg, a 2.6-fold difference). Similarly, the least variation in reducing sugars concentration in the R (0.72-1.62 g/kg, a 2.3-fold difference) was also not reflected in the most variation in acrylamide concentration in French fries for the R (152-1023 lg/kg, a 6.7-fold difference).
The data seems in contrast to the established literature. Reducing sugars have been frequently mentioned as the limiting factor in the formation of acrylamide (Amrein et al., , 2004 . Other studies established the strong correlation between acrylamide formation and reducing sugars available in potatoes Becalski et al., 2004) . However, these cited studies used potato tubers to prepare French fries and Amrein and co-authors (2003) , as an example, reported the reducing sugars concentration in tubers ranged from 0.1 to 9 g/kg. In contrast, we used commercial par fried potato strips in the present study, and the reducing sugars concentration in potato strips ranged from 0.25 to 2.22 g/kg. Possibly, a lower range of reducing sugars concentration of the present study than the study of Amrein and co-authors (2003) contributed to the obtained insignificant correlation between reducing sugars and acrylamide concentration. The lower reducing sugars concentration in par fried potato strips than in potato tubers results from the effects of blanching and pre-frying during the production of commercial potato strips (Fiselier & Grob, 2005; Grob, 2007) . Moreover, various authors proposed that the selection of potato varieties or supplier (for low concentrations of reducing sugars) could be a simple and efficient measure to reduce the extent of variation in acrylamide concentration (Fiselier & Grob, 2005; Grob et al., 2003; Lindsay & Jang, 2005; Sanny et al., 2010) . However, De Vleeschouwer and co-authors (2008) acknowledged the wide range of sugar concentrations as well as the highly variable sugar-asparagine ratios in real products, such as potatoes. They studied the effect of the initial reactant concentrations and ratio on acrylamide formation, and reported a negligible effect of the initial reactant concentration and ratio on the kinetic parameters of acrylamide formation in an asparagine-glucose model system. The above cited studies were mostly carried out under strictly controlled laboratory conditions. In our observational study, conditions such as reducing sugars, frying temperature, frying time and frying equipment were not controlled. Possibly, the effect of reducing sugars is overshadowed by the effects of frying temperature and (less by) frying time. Although the finding of De Vleeschouwer and co-authors (2008) supported our observations, further research is needed to investigate the effect of initial concentration of reducing sugars on the variation in acrylamide concentration in French fries prepared under carefully controlled conditions in FSE.
Interestingly, in our study, the thawing practise also showed a moderate (negative) correlation with acrylamide concentration (r = À0.482, n = 360, p < 0.05, Table 3 ) and it significantly contributed to the prediction of acrylamide formation (beta = À0.359, p < 0.05, Table 3 ). Studies showed that thawing of frozen par-fried potatoes resulted in more oil absorption and greater moisture loss (Burr, 1971 ; O'Connor, Fisk, Smith, & Melton, 2001), which was consequently associated with temperature drops during frying (Mehta & Swinburn, 2001) . Various authors observed a decrease in acrylamide formation related with temperature drops due to an increase in portion size (Fiselier et al., 2006; Grob et al., 2003) . However, few studies have been conducted on the effect of thawing practices on acrylamide formation. Tuta and co-authors (2010) have recently shown that microwave thawing of par-fried potato strips reduced the acrylamide formation by 89% (frying temperature of 180°C), but a shorter frying time was used for the thawed par-fried potato strips than for the unthawed potato strips. Nevertheless, drawing a conclusion on the contribution of thawing practices to the concentration of acrylamide has to be done with care. In our observational study, we only measured the (initial) frying temperatures, but not the temperature drop over the frying time. Furthermore, it is interesting to note that frying instructions on the packaging, commonly recommended not to thaw the frozen par-fried potatoes before frying, to obtain crispier French fries (Lou, 2005; Products, 2009) . Further research might be necessary to obtain an insight into the effect of thawing practices and corresponding frying temperature profiles on the formation of acrylamide. These insights, may have implications on how frying instructions on the packaging should be designed (with regard to thawing, besides frying temperature and time) to prevent high acrylamide concentrations in French fries.
When considering our data to reflect FSE as a whole, a 6.8-fold difference in magnitude (from 150 to 1023 lg/kg) in acrylamide concentrations was found with a median at 256 lg/kg. The median reported in this study is consistent with Mills and co-authors 
Conclusion
In this study, we found that the variation in actual frying temperature contributed most to the variation in acrylamide concentrations, followed by the variation in actual frying time (to a lesser extent). We found no obvious effect of reducing sugars. The lack of standardised control of frying temperature and frying time (due to inadequate frying equipment) and the variable practices of food handlers seem to contribute most to the large variation and high acrylamide concentrations in French fries prepared in the R type as compared to the other FSE types. The finding supports our previous discussions about the potential impact of the food handler's behaviour on the variation in food safety and quality (Luning & Marcelis, 2006; Luning & Marcelis, 2007; Sanny et al., 2010) . Acrylamide concentrations in French fries as high as 1023 lg/kg was obtained in the restaurant type of FSE. Our study confirms that high acrylamide concentrations may occur if no specific controls on the influencing factors and people practices are taken in the preparation of French fries. The obtained insights in this study can be used to develop dedicated quality control measures in FSE, which may contribute to a sustainable reduction in acrylamide intake. Subsequent studies will focus on investigating the effects of technological (focused on raw material properties) and managerial control interventions (focused on food handlers) on the variation of acrylamide concentrations in French fries prepared under FSE circumstances. 
